The purpose of the present study was to determine if the quantity of herpes simplex virus (HSV) DNA in the cerebrospinal fluid (CSF) of patients with herpes encephalitis would be useful in establishing the prognosis of the disease and to determine the effect of antiviral therapy on the clearance of viral DNA from the CSF. Quantitation of HSV DNA was done by constructing an internal standard (IS) from the glycoprotein B amplicon which had a 25-bp deletion between primer annealing sites. Each CSF specimen was coamplified with the IS and the ratio of the amount of HSV/amount of IS was compared to the ratios on a standard curve constructed with the same IS plus known amounts of HSV DNA. CSF specimens were available from 16 patients who were treated with intravenous acyclovir, and the amount of HSV DNA ranged from <25 to 18,000 copies per l in CSF obtained before or within 4 days of the initiation of acyclovir therapy. Patients with >100 copies of HSV DNA per l were older, were found by computed tomography to have lesions, and had poorer outcomes than patients with <100 copies. Follow-up CSF specimens were available from seven patients. In six of these seven patients, the HSV DNA levels decreased during therapy. One patient had a twofold increase in HSV DNA levels after 1 week of therapy and died on day 8. The application of this assay may be helpful in establishing the prognosis and in the monitoring of patients with herpes simplex encephalitis.
Herpes simplex encephalitis (HSE) is associated with high rates of mortality and morbidity (35) . Antiviral therapy is highly effective in reducing the rate of mortality from HSE (31); however, fewer than one-half of the patients return to normal following brain biopsy and treatment (34) . Several clinical features, including age over 30 years, late introduction of antiviral treatment, low Glasgow score, and detection by computed tomography (CT) of a focal lesion at the onset of therapy have been associated with a poor prognosis of the disease (31, 23) . A previous study which titrated the amount of infectious virus in brain biopsy tissue suggested that larger amounts of virus were predictive of more severe disease (24) . Herpes simplex virus (HSV) DNA detection by PCR of cerebrospinal fluid (CSF) samples is very efficient in establishing the diagnosis of HSE (1, 3, 6, 18, 20, 22, 29) . The use of a semiquantitative PCR suggested that the severity of disease and the age could influence the amount of HSV DNA in CSF (27) . A quantitative PCR assay that assesses the effect of acyclovir therapy on the number of HSV type 1 (HSV-1) DNA copies in CSF has been described previously (2) . The limitation of such assays is that they were unable to control the differences in amplification efficiency caused by sample interference, including the presence of Taq polymerase inhibitors. Therefore, the development of a quantitative assay which could estimate the extent of viral replication in the central nervous systems (CNS) of HSE patients would be helpful as a prognostic marker and in monitoring HSE treatment. In this report, a quantitative PCR (QC-PCR) which uses an internal standard (IS) that has the same primer binding sites as HSV-1 DNA is described. The amount of HSV-1 DNA in CSF samples from 16 HSE patients was measured. The ages, genders, severities of disease, durations of disease, durations of acyclovir treatment, and outcomes for patients with high and low levels of HSV-1 DNA were compared. Also, the effect of acyclovir therapy on the levels of HSV DNA is shown for six patients. Patients with larger amounts of HSV-1 DNA tended to have a more severe disease and a poor outcome. Moreover, this method showed potential utility for monitoring the treatment of HSE with antiviral agents.
MATERIALS AND METHODS
Patients and clinical specimens. All 16 patients were prospectively admitted to seven different medical institutions in São Paulo and Campinas, Brazil. All of them were diagnosed as having HSE and were treated intravenously with acyclovir (30 mg/kg of body weight/day) for 10 to 21 days. Age, gender, historical findings, neurological examination, and neurodiagnostic data were collected on case record forms. Glasgow Coma Scale scores from the following three areas were totaled: verbal output, eye opening, and best motor response. Normal responses score 4, 6, and 5 points, respectively; no response gives a score of 1. Clinical outcome was assessed for 3 months after the completion of the treatment. Morbidity was defined as reported previously (32): normal; mild impairment, for patients with minor neuropsychological deficits; moderate impairment, for patients possessing limitations due to motor, speech, memory, or seizure disorder; severe impairment, for patients requiring supportive care; and death. CSF specimens were stored at Ϫ20°C. All PCR and QC-PCR assays were performed with neat CSF, which was boiled for 10 min and spun at 4°C for 5 min. The diagnosis of HSE was established by a PCR with two different sets of primers, one that amplifies a 179-bp region of the DNA polymerase gene and another that amplifies a 148-bp region of the glycoprotein B gene. The HSV typing was carried out by restriction enzyme digestion of DNA polymerase PCR products with the enzyme HhaI.
Viral DNA quantitation. The QC-PCRs were performed in a solution containing buffer II (10 mM Tris [pH 8.3], 50 mM KCl), 2.5 mM MgCl 2 , each primer at a concentration of 1 M, dATP, dCTP, dTTP, and dGTP each at a concentration of 80 M and 160 M dUTP, Taq polymerase at 2.5 U/reaction, uracil Nglycosylase at 0.04 U/reaction, 10 l of the target (HSV-1 DNA or CSF sample), and 5 l of IS. The cycles used were 1 cycle of 50°C for 2 min and 1 cycle of 95°C for 5 min, followed by 40 cycles at 95, 62, and 72°C for 45 s, with a 3-s extension added to each 72°C cycle.
To quantitate the viral DNA, a standard curve was obtained for each experiment by coamplification of known amounts of HSV-1 DNA (Sigma Chemical Co., St. Louis, Mo.) with 250 copies of the IS. Four consecutive dilutions of HSV-1 containing 100 (10 2.0 ), 200 (10 2.3 ), 500 (10 2.7 ), and 1,000 (10 3 ) copies/ reaction yielded double bands when HSV-1 was coamplified with the IS (see Fig. 2 ). The CSF samples were coamplified with the same amount of IS. In cases in which the amount of HSV-1 DNA per reaction was greater than 2,000 copies per reaction (200 copies/l), additional amplifications were performed with serial twofold dilutions of the sample in order to plot data for at least two different dilutions of the sample onto the standard curve. Twenty microliters of the products was applied to a 3% agarose gel stained with ethidium bromide (0.8 mg/ml). After electrophoresis, the intensities of the bands were determined by densitometric analysis of the gels with Collage software (FOTODYNE Incorporated, New Berlin, Wis.) for Apple Macintosh. To construct the standard curve the ratios of the amount of HSV/amount of IS were plotted on a logarithmic scale against the number of HSV copies. The log amounts of HSV DNA in the samples were obtained by plotting the ratio of the amount of HSV-1 DNA in the sample/amount of IS (sample/IS ratio) onto the standard curve.
Statistical analysis. The patients were divided into two groups according to whether their CSF samples had amounts of HSV DNA that were smaller or larger than 10 2 copies/l. The ages, genders, Glasgow scores, the presence of lesions detected by CT, durations of disease, durations of acyclovir therapy, and outcomes were compared between these two groups. All the statistical comparisons were carried out by the Wilcoxon rank sum test or the Fisher's exact two-tailed test.
Nucleotide sequence accession number. The GenBank accession number for the nucleotide sequence of HSV-1 glycoprotein B is K01760.
RESULTS

Patients.
The mean age of the patients was 36.6 Ϯ 21 years, with females accounting for 56% of the study population. All patients were in good health prior to the onset of HSE symptoms. HSV DNA was detected in the initial CSF samples from all 16 patients with both sets of primers complementary to the DNA polymerase gene and the glycoprotein B gene. Both diagnostic PCR protocols were able to detect 10 copies of the HSV-1 DNA-positive control per l. The restriction endonuclease analysis of the DNA polymerase products for all 16 patients revealed fragments of ϳ135 and ϳ44 bp, indicative of HSV-1 infection.
QC-PCR primers and IS DNA. The sequences of the primers used in the QC-PCR assay were 5Ј-GCATCGTCGAGGA GGTGGAC-3Ј (sense) and 5Ј-TTGAAGCGGTCGGCGGCG TA-3Ј (antisense). These oligonucleotides amplify a 148-bp region of the glycoprotein B gene and are complementary to bases 1359 to 1378 and bases 1487 to 1506 of this gene, respectively (22) . The procedure used to construct the IS is outlined in Fig. 1 . The IS was obtained by amplification of HSV-1 DNA in a PCR in which the normal sense primer was replaced by a primer composed of the last 12 bases plus 17 bases located 25 bases downstream. This 29-base primer is complementary to bases 1367 to 1378 and bases 1404 to 1420 of the glycoprotein B gene and loops out a 25-bp region from bases 1379 to 1403 of this gene. This PCR was performed with the usual reagent concentrations and cycles. The 115-bp product of this reaction was reamplified with sense and antisense primers in order to reincorporate the region of the glycoprotein B binding site from bases 1359 to 1366. The last PCR resulted in a 123-bp amplicon containing sites complementary to the sense and antisense primers. These products were cloned into pCRII (TA Cloning Kit; Invitrogen, San Diego, Calif.) and were assessed with an automated sequencer (Applied Biosystems, Foster City, Calif.). The only differences from the original glycoprotein B gene sequence were the deletions from bases 1379 to 1403.
Quantitation of viral DNA. The construction of a standard curve for the quantitation of HSV-1 is shown in Fig. 2 . Double bands, the 148-bp product of HSV DNA and the 123-bp product of the IS, are seen in the lanes containing 100, 200, 500, and 1,000 copies of HSV DNA. The linear correlation shown in Fig. 2 indicates that this assay was efficient in measuring the amount of target HSV-1 DNA. Quantitation of the HSV-1 DNA in the clinical samples was highly reproducible when considering the log 10 copy number. For patients for whom the amount of DNA was greater than 2 ϫ 10 2 copies/l, data for two consecutive dilutions were plotted onto the standard curve, and no differences in the final log 10 copy numbers were found for different dilutions of the same sample. For patients with Ͻ2.5 copies/l, it was not possible to determine the log 10 number of copies because no band of HSV DNA was detected in the presence of competing IS. As shown in Table 1 , the number of copies ranged from less than 2.5 ϫ 10 1 to 1.8 ϫ 10 4 copies/l. Consecutive CSF samples for QC-PCR was obtained from six patients. In order to avoid the effect of small variations in this analysis, all the samples obtained from the same patient were repeated in the same experiment. As shown in Fig. 3 , five of six patients had a decline in HSV-1 DNA levels with treatment with acyclovir. The most rapid decline was observed in patient 1, from whose CSF 6.8 times fewer HSV-1 DNA copies were collected after 4 days of acyclovir therapy. Despite acyclovir therapy, the amount of HSV-1 DNA in the second CSF sample from patient 8 was higher than that in the first CSF sample. This patient died 8 days after antiviral treatment was introduced.
Correlation with severity of disease and outcome. Table 2 correlates the clinical data and HSV-1 DNA levels in the first CSF sample. There was no significant difference in the gender distribution between patients with HSV-1 DNA amounts less than or greater than 10 2 copies/l (P ϭ 0.358; Fisher's exact test). Patients with high levels of HSV-1 DNA received acyclovir for 1.22 Ϯ 1.09 days, while the time of treatment among patients with low levels of viral DNA was 1.28 Ϯ 1.6 days. The time of acyclovir therapy was not significantly different between these two groups (P ϭ 0.869; Wilcoxon rank sum test). The mean duration of symptoms was 6.55 Ϯ 3.04 days for patients with more than 10 2 HSV-1 DNA copies/l and 3.85 Ϯ 3.23 days for patients with fewer viral DNA copies (P ϭ 0.0624; Wilcoxon rank sum test). The mean age was 45.44 Ϯ 18.9 years among patients with high levels of HSV-1 DNA and 25.21 Ϯ 19 years among patients with low levels of HSV-1 DNA (P ϭ 0.0221; Wilcoxon rank sum test). A reduced level of consciousness was found for all patients with large amounts of HSV-1 DNA but was found for only three (42.86%) of the patients with low levels of viral DNA (P ϭ 0.019; Fisher's exact test). Lesions were found by CT in all patients with more than 10 group with smaller amounts of viral DNA (P ϭ 0.000874; Fisher's exact test). The outcome was also significantly different between these groups. No patient with more than 10 2 viral DNA copies/l regained normal function, seven (77.78%) patients had mild or moderate levels of impairment, and two (22.22%) patients died or had severe levels of impairment. In contrast, six (85.71%) of the patients with smaller amounts of HSV-1 DNA returned to normal activities, and only one (14.29%) patient had moderate levels of impairment (P ϭ 0.0021; Fisher's exact test). 
DISCUSSION
Quantitative analyses of viral load in vivo have been shown to be useful in the evaluation of several human viral infections (4, 5, 14, 16, 21, 28, 36) . QC-PCR has been tested as a means of evaluating antiviral therapy and assessing disease progression, and for some infections, the quantitation of viral DNA can be necessary to distinguish between dormant and active infection (4, 5, 14, 16, 21, 30) . This is not the case for HSV infection of the central nervous system (CNS), in which the qualitative detection of the HSV genome in CSF samples has a high correlation with active disease and is presently the best noninvasive method for the diagnosis of HSE. Nevertheless, few studies have addressed the potential utility of quantitation of HSV DNA in CSF samples from HSE patients as a prognostic marker and for assessing the response to antiviral therapy.
A semiquantitative assay that measured the intensity of a radioactively labeled probe found a correlation between the signal intensity and age as well as the clinical severity of disease (27) . Ando et al. (2) have described a quantitative PCR assay for HSV-1 DNA which used known amounts of HSV DNA as an external control. However, such methods provide only a relative measurement and are susceptible to error due to sample variability, which affects amplification efficiency (26) . The coamplification of an unrelated DNA sequence with the target DNA has been studied in the quantitation of other viruses (12) ; however, this method can also be inaccurate due to differences in the melting temperature and amplification efficiency between the target DNA and heterologous target sequences. The coamplification of an IS containing the same primer binding sites as the target DNA can overcome these problems because any interference within the reaction equally affects the amplification of the target DNA and the IS and does not affect the sample/IS ratio. Several studies have used an internal standard to quantitate HSV, cytomegalovirus, and human herpesvirus 6 (7, 13, 17) . Those studies were able to quantitate viral DNA over a range of 3 to 6 logs by using radioactive labels or postamplification hybridization. The method used in the study described in this report was able to quantitate viral DNA only over a range of 10-to 20-fold and required dilution of the sample to determine the number of genomes present in the original CSF specimen. We assume that the lack of a detectable IS band in reactions with greater than a 20-fold excess of HSV DNA is due to the relatively high amount of DNA required for visualization in ethidium bromide gels. In this study, the logarithms of the ratio of sample/IS were plotted against the logarithms of known amounts of HSV-1 DNA. The results obtained with two controls suggest that this method is accurate for the quantitation of HSV DNA. First, the ratios on all standard curves were zero at approximately 2.4 logs, or 250 copies, of HSV DNA. A ratio of zero indicates equivalency between the amounts of IS and HSV DNA, and the amount of IS was known to be 250 copies. Second, when CSF was diluted two-or fourfold, the results obtained from the extrapolation of the standard curve indicated two-or fourfold less HSV DNA.
The data presented in Tables 1 and 2 support and extend previous observations regarding the diagnosis of HSE and the prognosis of patients with HSE. Among the 16 patients in this study, only 10 (63%) had evidence of a brain lesion by CT. Morawetz et al. (23) found that 8 of 10 patients with biopsyproven HSE had some abnormality in preoperative CT scans. Thus, while CT scans fail to detect all patients with HSE, there is a striking correlation between patient outcome and evidence of lesions by CT. Among the 18 patients with abnormal CT scans, 9 had mild to moderate impairment, and 7 either died or had severe neurological sequelae; only 2 of 18 patients in whom lesions were detected by CT returned to normal. The quantitative results suggest that lesions result from higher levels of viral replication. Magnetic resonance imaging has also been shown to be useful in the evaluation of presumed HSE (9) .
In this study gender, age, duration of disease, severity of disease, and outcome were compared between patients with amounts of HSV-1 DNA smaller or larger than 10 2 copies/l. Although the duration of acyclovir treatment was previously Duration of disease is the number of days that the patients were ill prior to obtaining the CSF specimen. Time of acyclovir treatment is the number of days that the patient had been treated prior to obtaining the CSF specimen. Reduced level of consciousness indicates the number of patients with a Glasgow Coma Scale score of Ͻ15 (see footnote a of Table 1 shown to affect the intensity of product bands (3), in this study the duration of antiviral therapy was not significantly different between these two groups. Different doses of acyclovir could be another bias; however, all patients received the same therapeutic regimen. A more severe disease was found in the group of patients with greater than 10 2 HSV-1 copies/l. The numbers of patients with reduced levels of consciousness and in whom focal lesions were detected by CT were significantly higher in this group (P ϭ 0.019 and 0.000874, respectively; Fisher's exact test). Also, this group of patients was significantly older. These findings are in agreement with those of a previous study in which the signal intensity obtained after hybridization was correlated with age and severity of disease (27) . Patients with higher HSV-1 DNA levels also had a poor outcome compared with patients with low viral DNA levels (P ϭ 0.0021; Fisher's exact test). Although the difference was not statistically significant (P ϭ 0.0624; Fisher's exact test), the duration of disease was almost two times longer in the group of patients with greater than 10 2 HSV-1 DNA copies/l. These data confirm the need for the early introduction of antiviral treatment in order to reduce the amount of virus within the CNS and improve the clinical outcome (33) . It is apparent for this group of patients that viral loads above 10 2 copies of HSV-1 DNA/l in the first CSF specimen correlates with a poor prognosis.
While the method described here is reasonably rapid, is not labor intensive, and does not require radioactivity or postamplification enhancement techniques, it does require expensive image analysis software. Until rapid, quantitative assays for HSV become available, the current methods are primarily restricted to research laboratories and retrospective studies. The data presented here suggest that a simple method might be useful in establishing the prognosis of HSE. All patients with Ͼ100 copies/l were positive when the initial CSF was diluted 1/100 and had a lesion: that was detected by CT; therefore, the combination of these two observations would strongly suggest a poor outcome. We performed the assay with CSF obtained prior to antiviral therapy from five biopsy-positive patients enrolled in the Collaborative Antiviral Study Group study (22) . Of the five patients, three were positive when the diluted CSF was tested and all had lesions on CT. Two patients were negative by PCR and did not have focal findings on CT. Follow-up for the first three patients indicated that two patients died within 2 months and that the third patient was classified as moderately impaired. Of the two patients with negative PCRs, one had a mild level of impairment and the other had a moderate level of impairment. Studies have shown that temporal abnormalities detected by CT scans increase the likelihood of a positive PCR; however, patients with such findings can be negative by PCR and some PCR-positive patients with less severe forms of HSE have normal CT scans (8) .
The efficacy of acyclovir treatment is well established by large clinical trials (9, 31) . Nonetheless, the rates of mortality and morbidity among HSE patients treated with acyclovir remain high. Both age and duration of disease when antiviral therapy is introduced are known to influence mortality and morbidity; however, other factors may also have a role in the clinical response to antiviral therapy. The primary virological factor is the resistance of HSV strains to acyclovir. The majority of cases of disease attributed to resistant HSV strains have occurred in immunocompromised patients, primarily AIDS patients, and is normally restricted to ulcerative mucocutaneous lesions (10, 11) . However, there has been one report of the isolation of an acyclovir-resistant HSV strain from the CSF of a patient with a fatal CNS disease (15) . The establishment of a method to estimate prospectively the levels of viral DNA in patients with HSE would be desirable since no isolate is available for sensitivity testing. In this study, late CSF specimens from six patients were available for assessment of the response to antiviral therapy by QC-PCR. A decline in the number of HSV-1 copies was observed in five patients, and all of them clinically responded to acyclovir therapy. One patient had almost twice as many HSV-1 DNA copies in the second CSF and died 8 days after the onset of acyclovir therapy. Although the number of patients prospectively evaluated by QC-PCR was small, these data suggest that this assay can be helpful in monitoring the response to antiviral therapy. One of the unknowns in the diagnosis of HSE by PCR is the effect of acyclovir on a positive signal. It is not uncommon to initiate therapy prior to obtaining the CSF specimen for PCR or to assay a CSF specimen obtained after the completion of therapy. Our previous experience suggested that a duration of antiviral therapy of less than 1 week does not negate a positive PCR result; however, the patients enrolled in this study received different antiviral agents at different doses. While it is impossible to draw valid conclusions from the results for the limited number of patients in this study, two points are warranted. First, all six patients received the currently recommend dosage of acyclovir for 14 days. Positive PCR results were obtained after 2, 3, and 8 days of antiviral therapy. Importantly, all six of the patients had high levels of HSV in their initial CSF and none of these patients returned to normal. Viral drug resistance should be suspected and studied for patients with no decline in viral DNA levels with treatment. Indeed, this method can be useful in the evaluation of new antiviral drugs for the treatment of HSE.
In conclusion, the competitive PCR described here is a reliable method for the quantitation of HSV-1 DNA in CSF samples from patients with HSE. This assay can be used as prognostic marker since patients with higher viral loads in their CSF are more likely to develop more severe neurological impairment. Also, this method was shown to be of potential utility for monitoring antiviral therapy in patients with HSE. Further studies should address the use of QC-PCR in anticipating the clinical relapse of encephalitis permitting the prompt reintroduction of antiviral therapy (19, 25) .
